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SUMMARY

In order to see whether cells in the superficial layers of the monkey su-

perior colliculus can differentiate between real stimulus movement and self-

induced stimulus movement we compared the discharge (~f these cells to stim-

ulus movement In front of the stationary eye with stimulus movement generated

by eye movements across a stationary stimulus.

Most of the cells recorded (65 percent of 231 cells) responded to stimulus

velocities in front of the stationary eye as fast as those occurring during the

peak velocity of a saccadic eye movement . Those cells that do respond usually

have weak inhibitory regions and tend to have receptive fields farther from the

fovea.

Most of the cells (61 percent of 105 cells) that did respond to rapid stim-

ulus movement did not respond when an eye movement swept the receptive field

over a stationary stimulus.

About half of these cells differentiated between these stimulus conditions

when we used stimuli at least 1 log unit above background illumination; the re-

maining cells differentiated for stimuli 2 and 3 log units above background.

Many cells differentiate between the two~ stimulus conditions over a wide range

of directions of movement and the effect appears with about equal frequency in

receptive fields at all distances from the fovea.

The differentiation is present for most cells even when the background

Illumination Is reduced Indicating that visual factors are not the cause of the

effect on these cells but may modify the response of other cells.

The suppression of background activity accompanying eye movements in

the light Is present following eye movements made in total darkness; the sup-

pression therefore must result from an extraretina l signal.

The failure of these cells to respond to visual stimulation during eye

movements is due to the same extraretinal signal that produces the suppression

since (1) the cells that show this suppression tend to be those that fail to re-

spond to stimuli during eye movements, (2) the time course of the suppression
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matches the time at which the effects of visual stimulation during an eye move-

ment would reach the colliculus, and (3) the cells which differentiate also show
a decreased responsiveness to visual stimulation during the time of background

suppression . While this extraretina l signal has the characteristics one would
expect of a corollary discharge , proprioception as a source of the signal cannot
be excluded.

Cells which differentiate between the two stimulus condition s usually also
show an enhanced response to a visual stimulus in their receptive field when it
is to be the target for a saccadic eye movement .

These cells In the superior colliculus receive an extraretinal Inpu t which
permits them to differentiate between real stimulus movements and stimulus

movements resulting from the monkey ’s own eye movements, This differen-
tiation would provide an uncontaminated visual movement signa l and facilitate
the detection of real movement in the env1ronment .~~~uch a process is consist-
ent with the view that the colliculus is involved in s~I~~ting salient features of
the environment and facilitating saccades to them.
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PREFACE

These experiments were conducted while D. L. Robinson was supported
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INT R ODUCTION

h o w  an animal distinguishe s between the sensory st imulat ion produced by

changes in his envi ronment and other stirnu lat  ion arising from his own move-

ment has been debated for over a century . In the case of the eye , movement of

a visual image on the retina can result from either the movement of an obj ect

in the world or of the eye itself across the visual scene .

Helmholtz 32 suggested one mechanism for distinguishing real from self-

induced movement: with each self—generated movement , the neut al  activity is

directed not onl y to the muscles but also to the sensorium as ~ “sense of effort”

to indicate that a movement has occurred and that subsequent sensory activity

should be treated accordingl y. von Hoist 54 formalized this notion by suggesting

that movement of an animal produced an “efference copy ” which is used to dis-

cr iminate self-induced stimulation , “reafference” , from Stimulation originat-

ing outside , “exaff erence” . The te rm “corollary discharge ” has also been used

to describe this efference copy concept 52 (see Teuber 53 for reviews. It should

he noted that while the effects of these processes are usuall y thought of as mod-

ifyi ng conscious perception , this need not be their only effect . 22 For exa mple ,

the term “efference copy ” was originally used in discussing the optomotor be-

havior of insects , 54 while the term “corollary discharge ” was fi rst invoked

when the forced circling of fish following eye rotation was consIdered. 52

This diffe rentiation between exafference and reafference could also be

derived from information about eye movements obtained from proprioceptors in

the extraocular muscles. Thus while the differentiation would still be derived

f rom an extraretinal signal (one arising from a source other than the visual

stimulation of the retina), it would not require any efference copy or corollary

discharge mechanism.

Finally, such a differentiation between real and self-induced stimulus

movement need not Involve any extraretinal signal at all. The differentiation

could be derived from the fact that an eye movement produces a sweep of the

7



whole visual field across the retina while a s t imulus  movement usually involves

only the movement of an object across the retina against a stationary visual

field. 27 , 35

In the primate visual system Wurtz 58 foun d that cells in striate cortex did

not distinguish between visual stimulation due to eye movement and that due to

external stimulus movement. Any differential effect seen in these two stimulus

conditions would be accounted for by the movement of the visual background

during an eye movement , so that neither corollary discharge nor proprioceptive

feedback need be invoked to explain the observations. Recentl y, however , mod-

ulation of background activity of striate cortical neurons after eye movements

has been demonstrated by averaging over many eye movements;19 ’34 this effect

may be too small to influence the response of cortical cells to the fairl y weak

stimulation used by Wur tz. 58

In contrast to these slight changes in activity in the striate cortex during

eye movement , Goldberg and Wurtz 29 found tha t some cells in the superficial

layers of the superior colliculus which respond to visual stimuli also show a

strikin g suppression of activity in association with eye movements. Since this

suppression persists even in total darkness , the effect must result from an

extraretina l signal (which could be either a corollary discharge or proprio—

ceptive feedback) occurring during an eye movement.

In the present experiments we investigated what effect this suppression

has on the response of collicular cells to st imuli  presented during eye move-

ments. We found tha t many collicular cells differentiate between externally

generated and self-induced stimulus movements and that this differentiation re-

sults from an extraretinal signal. We believe that this process of differentiation

provides the nervous system with information about stimulus movement which is

uncontaminated by self—i nduced stimulus movement. Brief reports of these ex-

periments have appeared previou sly. ~~~~~~ 
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\1F ’F I IO DS

Using procedures described previousi , ~~ monkeys were t ra ined  to press

a bar to tu rn  on a small spot of light on a tangent screen. The monkeys learned

to fixate the spot of light which remained on for from 1.0 to 3. 0 sec and then

dimmed for 0.5 see. If the monkey released the bar during the dim period , he

received a drop of water.

We recorded from five  mature male rhesus monkeys (Macaca mula t t a ) ,

3 to 6 kg in body weight. Each clay the animal  entered a primat e chair , worked

for water until satiated , and then returned to its cage at the end of the experi-

mental session. Comparable volumes of water were made available to the an i-

mal on those days when we did not record. Daily observation of the a n i m a l ’ s

general physical appearance , body weight , and performance pat terns indicated

that the animals remained in good health and were main ta in ing  adequate body

hydration.

Under sodiu m pentobarbital anesthesia , a head restrain t device , 21 micro-
elect rode cylI nder , 20 and si lver—silver  chloride electrooculogram electrodes 11

were placed in position several days prior to initiation of recording sessions.
Recording procedures were the same as those described previousl~’. 29 , 12 In

brief , single cells were recorded from glass insulated platinum-iridium m l—

croelectrodes which were advanced to and withdrawn from the superior collie-

ulus each day by a hydraulic microdrive . Direct current electrooculograms
were recorde d from the chronically implanted electrodes above and below one
eye for vertical electrooculograrn s and on the outer canthus of each eye for

horizontal electrooculograms. Control of the monkey ’s behavior and data anal-
ysis were accomplished on-line with a PDP- 12 computer as described
previously.42

In our experiment s we first determined the position and boundaries of the

visual receptive field of a cell by using stationary and moving s t imul i .  Next ,

we determined the response of the cell as a stimulus moved across the station-

ary receptive field (the stimulus movement condition , Figure 1A) . Finally ,

9
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F IXATION LIGHT
_ _

SACC A DE T A R G E T  
S T A T I O N A R Y  STI MU L U S

F I X A T I O N  LIGHT 

~~ 
R E C E P T I V E  F I E L D

Figure 1. Schematic representation of the stimulus movement (A) and eye move-
ment (B) experiments. A illust rates the tangent screen with the loca-
tion of the fi xation light , idealized visual receptive field , and position
of the s t imulus.  The movement generator sweeps the st imulus over
the stationary receptive field. B shows the same fixation light , re-
ceptive field , and stimulus position lust prior to a saccadi c eye move-
ment to fixate the saccade target . The eye movement sweeps the re-
ceptive field over the stationary stimulus.

we determined the response of the cell as the eye moved the receptive field

across the stationary 3t imu lus (the eye movement condition , Figure IB).  Back-

ground i l luminat ion was 1 cd” m 2 and st imuli  were 1 log unit above background.

In the first step, determining the response of the cell to rapid st imulus

movement , we arranged to have the stimulus come onto the tangent screen 100

l0



from the edge of the visual  receptive field as shown in Figure l \ .  Each t ime

the monkey fixated the spot of light , the s t imulus  came on at this  position and

then moved across the visual receptive field and off the tangent screen. Con-

tinuously variable st imulus velocities from 5 to 1000 0 1sec could be gener al( ( I

by th is  system. Velocities were calibrated by placing two photocells on the

tangent screen 50 apart and deriving the st imulus speed from the t ime interval

between the two photocell signals. For some experiments we placed a single

photocell on the screen at the edge of the visual receptive field so that  a pulse

from li ~vould serve as a trigger.

In the second step, determining the response of a cell to self-induced

stimulus movement , the stimulus remained stationary and the monkey moved

the receptive field across It by making a saccadic eye movement from one point

to another (Figure IB).  On these trials , the same fixation point came on after

the monkey depressed the bar , and the same visual stimulus was projected onto

the screen in the same location . Approximately 500 msec after the s t imulus

was flashed onto the screen , the fixation point went off and simultaneousl~’ a

second spot of light , a saccade target , came on the screen 200 from the fixa-

tion point . The disappearance of the fixation point and the appearance of the

saccade target signaled the monkey to make a saccadi c eye movement to th is

new target in order to fixate it. By making this eye movement , the monkey

moved the visual receptive field of the cell over the stationary st imulus.  Be-

fore doing the saccade experiment we checked to be sure that the s t imulus was

not in the receptive field or an inhibitory surround when the monkey fixated the

fi xation point or saccade target.

For comparison of stimulus movement in front of the stationary eye with

eye movement across the stationary stimulus , we tried to keep the s t imulus

conditions comparable. The dimensions and position of the stimulus were the

same in both cases. Its direction of movement , as seen by the retina , was the

same since the stimulus was moved in one direction and the monkey made eve

movements across the stimulus in the opposite direction . Since we placed the

11

_ _ _  .



sti mulus approximatel y 100 from the edge of the visual receptive field and the
monkey made a 200 eye movement , the visual receptive field crossed the sta-
tionary stimulus at the midpoint of the eye movement. The eye is at its maxi-
mum velocity at the midpoint of the saccade, and this velocity is approxim ately

900°/sec for a 200 eye movement , 26 so we compared the response during the
eye movement with that to a stimulus velocity of 900°/see.

RESULTS

Response to rapid stimulus movement. We studied the response of 231
neurons in five monkeys to moving stimuli while the monkeys fixated. All of
these cells had visual receptive fields and were comparable to those cells shown
histologically to lie in the superficial layers (stratum zonale , stratum griseum

supe rficiale , and st ratum opticum) of the superior colliculus. 29 Almost all of

these cells were of the type referred to as pandirectional;29 they responded to
small stationa ry spot s of light projected anywhere within a large central excit-
atory region , f requent ly were inhibited by large visual stimuli covering and ex-
tending beyond thi s central region, and responded to stimulus motion in any di-
rec tion across this excitatory area. Only a few cells showed any directional
selectivity in their response to stimulus movement , and since the results of our
experiments on these cells were identical to those of the pandirectional cells ,

we will not treat the directionally selective cells separately.

Our goal in these experiments was to compare the response of cells in
the colliculus to a stimulus moving rapidly in fro nt of the stationary eye (stim-
ulus movement condition) to the response during a rapid eye movement across a
stationary stimulus (eye movement condition). For a 200 saccade , the peak ve-
loc ity is about 900°/sec;26 longer saccades have peak velocities only slightly
higher. We therefore first determined whether many collicular neurons re-
sponded to velocit ies as high as 900°/sec. We found tha t 65 percent of the col-
licular cells in our sample responded to a stimulus moving at such high veloci-
ties. The remaining 35 percent ceased responding at lower velocities or

12
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‘~-~~i cr vIe d ~r, h i g h  , e 1 , c i t i~.s on l y  er r ~ t l c a l l y. Th e  types of cell responses found

‘1’ lus t  r a u d  In he ra st er n  in FIgure 2. The ce l l  discharges are represented

by dot S r~ $ h~’ u a s t c ’r s , and th e v r ’ r t  heal i n c  hrou gn t c e  raster indicates the imc

w hc h t h c ’  st I rriu Itj~ rossc d over a photoec il p laced a( l jac ent to the centra l  ex e i t  —

i t ’ ~ r V  ar c : of t he  r c r i ~i , t I v ’  f i e ld . Succe ss ive  horizontal  lines indicate successive

l m c i f a $ f o n s .  Some c e l i ~ rc sponded to a spot of light swept across the cept ive

f i e l d  of th e  c c i i  at 200 
~ser ((op r aster , Figure 2A~ and continued to give a clear

r ’,~:; c ’cns t  w i t h  s t i m u l u s  vc l o t i t i c s up to and Including 9ØØ 0 sec (bottom raster ,

I tg ii r e ~~~ ( H h c r  ce l l s , as shown in F igure 2B , also responded to s t imulus

v c l oc ’ i t  le~ of 901)0 1s c e  hut only If an elongated s t i m u l u s  was used. These cells

~iresisni :cbly requIred a si imu lt i s  on ‘he central  exci ta tory  area of the receptive

f i e l d  for  ~ longer p i ’r iocl of lime to produce a response w i t h  high s t imulus  ve loc—

ii Ii’s. F i n a l l y ,  s t i l l  other cells failed to respond , or responded erra t ica l l y as in

F i g ur e  2( , to veloc i t i e s  of 9000/ sec no mat ter what t y p e  of s t imulus  conf igur a—

ti oti was u sed. No p a r t i cu l a r  vvlo e lty cutoff was common across these cells ,

and we saw no Indic at ion of l ight  v e lo c i ty  tun ing  in anY cells.  Thus , there seems

to Icc a con! m ourn among these cells extending from those responding readily to

i a  s t i m u l u s  movement ( F i g u r e  2A ) through t hose t hat respond begrudgingly if

I he s t i m u l u s  si ic is op t imal  (Figure 2l~ to those that  do not respond no matter

what t h e  s t i m u l u s  cha r ac lu r i s t  Len (Figure 2C)

o n  sc vi ’ i ’u l  oc casions we observed that  the response to s t i m u l u s  movement

consisted of a r (s luc t  Ion of background f i r ing prior to a burst of discharges (Fig —

ti r es 2A and U , 4A , hiA , and l2A) .  Since we tested to he certa in that  the stat  ion-

a ry s t imulus was not in an inhibitory surroun d of th e cell pr ior to s t i m u l u s  move-

ment , the suppression Is likely to result from an inhibitor pa rt of the receptive

fie ld particularly sensitive to stimulus movement.

We found two variables related to whether or not a cell responded to high

velocity stimulu s movement . The first was the presence of a strong inhibi tor y

region In the receptive field; cells which showed strong inhib it Ion , as deter-

mined by the lack of response to large stationary stimuli , usuall y did not
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respond with rapid stimulus movement (as found in 13 of 14 neurons). The sec-

ond factor was the position of the receptive field in the visual field.  As shown

In Figure 3A for our 231 neurons , cells with receptive fields farther from the

fi xation point had a greater tendency to respond to high velocity stimulus move-

ment. Since receptive fields in monkey superior colliculus tend to be large r the

farthe r away f rom the fovea they are located , 16, 29 this relationship could re-

sult simply from the fact that the stimulus stays on these larger fields for a

longer time.

We were unable to find any cells which responded specifically to jerks of

a stimulus in the receptive field. 16, ~~ Cells that responded to such jerks of the

100

- A  • B  -

80 - -

cc,
_I - -u 6o
~~I1~[I]

o - 5 5+. 10 10k . ~ 0 .  5 5+. 10 10 +- ~
DISTANCE F ROM FIXATION POINT (DEGREES)

Figure 3. Resp onsiveness to rapid stimulus movement as a function of retina l
eccentricity. A shows that the percentage of cells which respond to
a stimulus moving at 900°/sec increases slightly as a function of ret-
inal eccentricity. B shows that the percentage of cells which differ-
entiate externally generated from self-induced stimulus movement
remains constant regardle ss of retina l eccentricity . Total of 231
cells for A and 105 cells for B.
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stimulus responded as well to a stimulus swept across the field at a comparable

velocity.

From these studies we can say that (1) many cells in the superior collie-

ulus respond to rapid stimulus motion comparable to that occurring at the peak

velocity of a saccadic eye movement , and (2) these cells that do respond usually

have weak inhibitory regions and tend to have receptive fields farthe r from the

fovea.

Diffe rentiation between real and saccade-induced stimulus movements.

For those cells which we could drive with a stimulus swept rapidly over a sta-

t ionary recept ive field , we determined the response when a rapid eye movement

(saccade) swept the receptive field over a stationary stimulus. Of the 105 neu-

rons on which stimulus movement and eye movement conditions were tested , 61

percent of the cells showed a differentiation between stimulus movement exter-

nally generated and that resulting from an eye movement. Figure 4A shows an

example of such a discrimination for the same cell shown in Figure 2A. The

cell responded clearly to the stimulus moving across the stationary receptive

field at 900°/see , as shown on the left of Figure 4A. The histogram shows the

summed responses for the same trials illustrated individually in the raster.

The raster and histogram on the right of Figure 4A show the firing of the cell

aligned on the start of a series of eye movements. Each eye movement was a

20° saccade with the stimulus placed 10° from the edge of the receptive field

when the monkey looked at the fixatior point . The saccade then swept the re-
ceptive field across the stimulus at the midpoint of the eye movement where the
velocity is about 9000/sec. There was no response to the stimulus. A slight

suppression of the discharge following eye movement is evident , and we will
consider the characteristics and origin of thi s suppression later.

An example of the remainIng 39 percent of the cells tha t did not show a
clear differentiation is shown in Figure 4B. If any excitatory response was vis-
ible in the raster during an eye movement , we counted this as a lack of discrim-
ination by the cell; our proportion of cells showing a differentiation therefore

16
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Figure 4. Response of a cell to stimulus movement in front of the stationary eye
compared to the response to eye movement across a stationary stim-
ulus. The cell in A differentiates between the two types of stimulus
movement while the cell in B does not. A (left ) shows the consistent
response of a cell to a stimulus (1.5 x 1.50) moving to the left across
the receptive field at 900°/sec. Trigger for the raster and histogram
is the time that the stimulus crossed the receptive field. A (right t
shows the lack of response of the cell with a rightward saccade (as
shown by representative horizontal (H) and vertical (V) electrooculo-
grams). The trigger for the raster and histogram is the beginning of
the eye movement as indicated by the initial deflection of the electra-
oculogram . Same cell as in Figure 2A. B shows similar data for a
cell which responded to both types of stimulus movement . Stimulus
was 3. 0 x 0. 5°. Same cell as in Figure 2B. For this and all subse-
quent figures , an upward deflection on the horizontal electrooculogram
corresponds to a leftward eye movement ; and an upward deflection on
the vertical electrooculogram indicates an upward eye movement . Ills-
tograms In this and all subsequent figures sum the trials in the adja-
cent raster. In all subsequent figures , stimulus movement is 900°
/sec, time base is 50 msec between dots , vertical axi s of histogram
18 250 spikes/sec per trial , and bin width is 8 msec .
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represents a m i n i m a l  estimate of the population showing an effect of eye

mo\ernent .

We also determined whether several cells that did not respond with  rapid

s t imulus  movement across a stationary receptive field might nonetheless re-

spond during eye movements; none responded following eye movements.

In summary,  we find tha t nearl y two—thi rds of the cells in the monkey

superior colliculus that respond when a stimulus moves rapidly across the sta-

t ion arv receptive field of the cell fail  to respond when an eye movement moves

the same stimulus equally fast across the receptive field.

Characte ristics of the differentiation. The stimulus intensity routinel y

used was 10 cd’m 2 on a background illumination of 1 cd ‘m 2 so tha t the suppres-

sion of response in Figure 4A was at least 1 log unit . To determine how much

elevation of threshold occurred during an eye movement , we raised the stimu-

lus intensity to 2 and 3 log unit s above background Illumination and compared

the response following rapid stimulus movement with the eye stationary and fol-

lowing rapid eye movement across the stationary stimulus. While some cells

(9 of 21 so tested) which discri minated between the two stimulus conditions did

so for stimuli as high as 2 or 3 log units above background (Figure 5A), most

cells (12 of 21 tested) failed to differentiate when the stimulus intensity reached

2 log units above background (Figure 5B). Thus , the elevation of threshold is

relative and varies among cells.

We next determined whether the differentiation between stimulus move-

ment and eye movement conditions was selective for particular directions of

ve movements. First , we found how a cell responded to rapid stimulus move-

ment in four orthogonal directions. The great majority of the cells studied re-

sponded with sti mulus movement in all directions although there might he a

sl ightly better response with movements in some directions than in ot hers (Fig-

u re 6A , for example). We then had the monkey make saccades so that his sac-

cade moved the st imulus across the receptive field in the same direction as the

previous experimenter-indu ced stimulus movement. We saw no response to the
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Figure 5. The effect of stimulus intensity on the ability of cells to differentiate
between the two types of stimulus movement. Top row of rasters in
A shows the response of a cell to rapid movement of a stimulus 1, 2 ,
and 3 log units above the background illumination. Second row of
rasters in A shows the lack of response of the cell to the stimulus
at any of these intensities when the stimulus movement was gener-
ated by an eye movement . To change stimulus intensity from 2 to 3
log units , the background illumination was lowered I log unit. Stim-
ul us was 3 x 10 . The top row of rasters In B shows the response of
another cell to rapid movement of a stimulus at 1 and 2 log units
above background. Bottom rasters In B show that the stimulus move-
ment resulting from eye movements elicited no response when the
stimulus was 1 log unit above background hut did when the stimulus
was 2 log units above background. Stimulus was 3. 0 x 0. 50

•

stimulus during an eye movement In any direction (Figure 6B). Of 16 cells

tested in this manner , 8 dId not respond with eye movements in any of the two

to four directions tested. The remaining eight cells responded with eye move-

ments in one or two directions (usuall y in the general direction of the receptive
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Figure 6. Lack of directionality in differentiation between the two types of
stimulus movement . Column A shows the response of a cell to a
stimulus (7 x 10) moving in four directions. Column B shows the
lack of response of the cell with eye movements in directions pro-
ducing the same retinal motion as the stimulus movement to the
left . Column C shows the suppression of discharge when similar
eye movements were made spontaneously in total darkness.

field) but not with eye movements in the other directions tested. Therefore , the

failure to respond to stimulus movement during an eye movement is not specific

for sacca des in one direction.
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The cells which failed to respond to the stimulus during an eve movement

had receptive field s in all parts of the visual field which were tested , that is ,

roughly 0. 50 to 20. 0° f rom the fixation point . While the proportion of cells re-

sponding to rapid stimulus movement in front of a stationary eye increased with

the distance of the receptive field of the cell from the fovea (Figure 3A) , the

proportion of these neurons which distinguished between self-induced and ex-

ternal s t imulus  movement remained about the same for the 105 cells tested

(Figu re 3B).

Thus, we have determined three characteristics of the cells that distin-

guish between the stimulus movement condition and the eye movement condition:

the failure to respond to the stimulus during an eye movement is typicall y an

elevation of threshold of 1 log unit , but persists in some cells even when the

stimulus is 2 or 3 log units above background , is clea r following eye movements

In several directions , and appears with about equal frequency in cells with re-

ceptive fields at all distances f rom the fovea.

Evidence for an ext raret inal signal. While we have endeavored to produce

stimulus movement across the rec~~ tive field of a cell that is identical in both

the experimenter-induced and eye movement-Induced cases , the experiments so

far have not reall y succeeded in accomplishing that . In particular , when the eye

moves , the entire visual field moves as well; when the stimulus moves , it does

so against a stationary background. At this point we cannot exclude visuall y

mediated suppression due to this background motion durin g a saccade as the

mechanism which eliminates the response to a stimulus during an eye movement.

To minimize the effect of such background movement , we ran the experiments

with a stimulus intensity of 0. 2 cd/rn 2 against a darkened background. The only

sou rce of light was scatter from the fixation lights and receptive field s t imul i

the mselves. Dark adaptation was minimized since the light indicating tha t the

bar was disconnected came on for several seconds between successive fixation
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Periods. Figure 7 shows that  the fa ilure  of a cell to respond to the s t i m u l u s

dur ing the eve movement in the light (Figure 7A) also occurred when the experi-

ment was conducted in near darkness (Figure 7B). We did th i s  experiment for

32 cells; for 25 of these cells (7~ percent) we found results  comparable to those

shown in Figure 7. We conclude that for most collicular cells which discrimi-

nate , it is unlikely that the background movement associated with saccades is

responsible for the failure of the cells to respond to the stimulus during the

saccades.

There are two possible explanations for the response of the seven cells

which discha rged after an eye movement in the dark hut not in the light . The

A LIGHT BACKGROUND

B DARK BACKGROUND

. .. . 1 . .
# U694 001 50 msec

Figure 7. Persistence of differentiation between the two types of stimulus
movement when visual factors were minimized. A shows the re-
sponse of a cell to a stimulus (11 x 10) moving downwar d and the
lack of response with an upward eye movement . Stimulus was 1
log unit above background illumination of 1 cd/rn 2 . B shows the
persistence of the diffe rentiation betw

2een the two types of stimulus
movement using a stimulus 0. 2 cd/rn against an almost totally
darkened background.
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sharp  cont rast of the s t imu lus  against the dark background might  have produced

a response stronger than any different iat ion mechanism could e l i m i n a t e .  Al te r -

nativel y, the movernent of the  background could ha ve suppressed a respOnse in

the light , and the el iminat ion of the visual background in the (lark allowed the

response. This would suggest that visual factors contribute to th e  ac t i v i t y  of

these coi l icu lar  cells during an eye movement as they do in the genicu lostr ia te

system. 39 ’57 We have no evidence to distinguish between these two a l t e rna t i v e s

for these cells but want to emphasize that visual factors m~t well  contr ibute to

the lack of discharge of a limited number of collicular cells during eye

movements.

A suppression in the background rate of cell discharge associated with eye

movements in the light (Figures 4A and ~A) was also present against a darkened

background (Figures 7B and 12A). To determine whethe r such a suppression cc-

suited from an extraretinal input , we placed the monkey in total darkness and

looked for any suppression in cell discharge associated with spontaneous eye

movements. We analyzed the activity of the cell in relation to spontaneous eye

movements equal to those which were v isuall y guided as well as those which

deviated by ~ 5-10° from this  standard. Selection was made au tomat ica l ly  i) V t he

computer using a procedure descri~wd pre~ lously , and the light was turned on

for 5 sec after every 15 SCC in the dark in order to min imize  the shif t  in the g~i in

of the clectrooculogram due t~ dark—adapta t ion  (F .  A. ~l i l es  and D. L. Robinson ,

unpublished observations) . Figure s shuws the results of such an experiment.

For a cell which showed inhibi t ion following eye movements in the iight ( v igurc

sA), the inhibit ion persisted fol lowing saccades made in total darkness ( 1- igure

~fl; see also Figures 6 , 9 and 1 2) .  This suppression is comparable to that re—

ported Previously by Goldberg and \Vurtz .~~ Since the suppression is present in

total da rkness , we conclude that it indicates an extraretinal input to the v i sua l

cells in the superficial layers of the monkey superior colliculus .

Relationship of s t imulus  dif fer ent ia t ion to suppression of background dis-

charge. We next determined whether this extraretin al  signal simply occurred at
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A LIGHT BACKGROUND

B TOTAL DARKNESS

#V303-O11 50 msec

Figure ~~. Evidence for an extraretirial input to a cell which differentiated be-
tween the two type s of s t imulus  movement . A shows the response of
the cell to a s t imulus  (3. 5 x 1. 5°) moving downward and the lack of
response to the same stimulus with an upward eye movement.  B
shows the suppression of f i r ing  of the cell after upward saccadic eye
movements made spontaneousl y in total darkness. The background
discharge of the cell was decreased from about 60 msec to 175 msec
after the start  of the eye movement. Same cell as in Figure 12.

the same time as the lack of visual response with saccades or whether it might

he responsible for this lack of response. We first  checked to see if the suppres-

sion of background activity was more frequent in cells which did not respond to a

s t imulus  during a saccade. We looked for th is  suppression following eve move-

ments in 20 cells which had sufficientl y high background rates to see a suppres-

sion on several raster lines and which failed to respond to the stimulus during an

eye movement . We saw the suppression in all  but one case. Enough samples of

eye movements were obtained on three cells with low background rates of dis-

charge to test for such suppression by averaging discharges for 30 to 60 eye

24
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movements; in these cells we could also see indications of suppression follow-

ing eve movements. In contrast to this , the discharge rate of 10 cells which

responded to a stimulus during an eye movement and which had high rates of

discharge showed no such suppression . We conclude tha t the suppression of

fir ing following spontaneous eye movements in total darkness correlates well

with the ability of the cell to distinguish between the s t imulus  movement and the

eye movement conditions.

The suppression of the background rate of discharge was also similar to

the lack of response to the stimulus during an eye movement in that it occurred

with saccades in many directions (Figure GC).  We also found tha t the suppres-

sion was clear regardless of the amplitude of the saccade over the range of 10

to 30° (Figure 9). There was also a sligh t tendency for the suppression to be

more prolonged with larger eye movements (comparc Figure 9A-C).

More important to the comparison of the suppression to the lack of visual

response is the relative time of occurrence of the  two events. The duration of

the suppression seen in the dark Is shown graphically in Figure 10. The earliest

onset of the suppression was at about the start of the electrooculogram deflection

associated with an eye movement , but the average time was 40 msec after the

sta rt of the electrooculogram change . The longest duration was for 275 msec

af ter the initial electrooculogram change with an average of HO msec. This

suppression would general ly precede the response of collicular cells to visual

stimuli since that occurs from 35 to 60 msec after light falls on the retina.  61

Cells with a short latency response to visual stimulation and a long latency for

the onset of suppression occasionally showed a slight visual response which was

then cut off by the onset of the suppression , hut in general , the suppression after

an eye movement came at the same time as the response to the stimulus and

could account fo r the reduced visual response during an eye movement.

if this  suppression is responsible for eliminating the visual response to an

eye movement , an effect should be evident on stimuli presented j ust after an eye

movement ; the suppression is always present 60 to 125 msec after the eye

25

— S  S



A : : . .

B ~~~~~~~ :. r. 

C .

• .1: ..~~

#V3 03 018 50 msec

Figure 9. Relationship of the size of eye movements to the suppression of the
background rate of the cell discharge . A illustrates the presence of
the suppression of background discharge associated with 100 (± 30)
eye movements in total darkness. B and C show the presence of the
suppression with increasingly larger eye movements (20 and 300 

± 3O~

and the tendency for the period of suppression to he prolonged with
progressively la rger eye movements.

movement as shown in Figure 10. In addition , such a test would eliminate any

artifact related to eye movements across a sti mulus since the stimulus is pre-

sented when the eye is actuall y stationa ry. To study this we conducted the fo l-

lowing experiments against a darkened background on nine cells that differenti-

ated between the two st imulus conditions. For these experiments we used the

end of a saccade (f rom some point in the visual field to the fixation point ) to

trigge r the sweep of the stimulus across the receptive field. This allowed us to

test the responsiveness of the cells not dur ing  the eye movement but during the

period of suppression after it .  We found the sensitivity reduced. For example ,
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Figure 10. Timing of extraretinal suppression . Each horizontal line indicates
the approximate beginning and duration of the suppression of back-
ground fi r ing in association with spontaneous eye movements made
in total darkness. Timing Is synchronized relative to the beginning
of the eye movement as indicated by the initial deflection of the
electrooculogram.

in Figure h A , the response to the visual stimulus is reduced when it is on the

receptive fi eld 25 and 75 msec after the eye movement , but it is back to normal

by 125 msec. The suppressive effect of the eye movement clearly becomes

weaker after the eye movement; the effect eliminates any response to the s t imul i
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Figure I i .  Change in sensitivity of cells to s t imul i  swept across the receptive
field aftt ~r the end of an eye movement. Response of cell tha t does
(A) and cell that does not (B) diffe rentiate between the two types of
st imulus movement. Rasters and histogr ams on the far left (STAT. )
show the response of the cells to rapid stimulus movement while the
animal fixa tes. Subsequent histograms and rasters show the re-
sponse of the cells to the same stimulus swept across the receptive
field at progressively later times (25 , 75 , 125 and 325 msec) after
the end of the eye movement. Histogram and raster time bases are
50 msec. Expe riments were conducted in near total darkness with
sti muli  of 0. 2 cd/rn 2. The cell in A shows a decreased excitability
af ter the eye movement ; the cell in B does not .

when they cross the visual receptive field during the eye movement , can reduce

visual responses for short intervals after the eye movement , and gradually be-

comes ineffective at later times.

2~

A’



We conducted compa rable experiments on seven cells which did not differ-

ent late between the two types of stimulus movement , and six of them had no re-

sponse reduction after eye movements. An example of such a cell is shown in

Figure 1113. The remaining cell had a response reduction only at our test inter-

val 25 msec after the eye movement . This interva l was so brief that to see the

differentiation in our standard experiment would require the conditions to be very

exact.  Wi th  the possible except ion of this neuron , the cells which differentiate

betwe en the two types of stimulus movement also show a reduced sensitivity to

visual st imuli  after the eye movement; those that do not differentiate , do i~~ t

show the reduced sensitivity.

Since our primary concern is with s t imulus  movement , we routinel y stud-

ied posteye movement suppression using moving st imuli .  However , we did test

posteyc movement suppression for some cells wi th  both stationary and moving

s t imul i ;  f ive of seven cells had comparable result s for both conditions. The

remaini ng two neurons showed response reduction to moving hut not to flashed

sti muli. The lack of perfect agreement for the two conditions may reflect dif-

ferences in the responsiveness of these cells to moving and stationa ry stimuli.

For seven neurons we compared the time course of the response reduction

to sti mulus movement after an eye movement with the time course of suppres-

sion af ter spontaneous eye movements in total darkness. The time courses of

both ef fects were roughly parallel. Cells with brief rate suppression after

spontaneous eye movements had hrie~ intervals of response reduction to stimulus

movement ; the converse was true for long suppressions. For example , in Fig-

ure 12, the suppression of background rate lasts about 115 msec after spontane-

ous eye movements in tota l darkness (Figure 12C), but 70 msec after visuall y

trigge red eye movements (Figure 12A). As the stimulus crossed the receptive

field close to this period, the response to it declined (Figure 12B). The pro-

longed suppression of firing after eye movements In tota l darkness compared

with the reduced responsiveness to stimulus movement after eye movements was

typical ; it suggests that the strengt h of the Inhibition tapers off near its end and
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Figu re 12. Synchrony of suppression of background activity and decrease in ex-
citability to visual stimulation of a cell which differentiates between
the two stimulus movement conditions. A illustrates the response of
the cell to externally generated stimulus movement and lack of re-
sponse when the stimulus movement is generated by an eye movement.
The stImulus was 3. 5 x 1.50 and intensity was 0. 2 cd m 2 with back-
ground of al most total da rkness. B shows the narrow postsaccade
time Interval within which the effects of stimulus movement are re-
duced. Vertical lines within each of these rasters indicate the be-
ginning of the 200 upward eye movement . Indicator line below each
raster marks the time when the stimulus (same as in A) was swept
across the receptive field after the eye movement . Same cell as in
Figure ~3 . Delays were 325 , 125 , 75 and 25 msec after the end of the
eye movement. C shows the time interva l during which fir ing of the
cell was suppressed in association with similar  spontaneous eye
movements made in total darkness. The period of suppression in C
coincides with the interval of decreased responsiveness of the cell
seen in B but does not appear to be as narrow as in A , presumably
beca use of the reduction in background firing.
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is not then sufficiently strong in that period to eliminate the excitatory response

to a sti mulus.

We conclude that the same extraretinal signal which produces the suppres-

sion of background activity after an eye movement reduces the response of the

cell to stimuli during an eye movement since (1) cells that show suppression

tend to be the same cells that fail to respond to stimuli during eye movement ,

(2) the time course of the suppression matches the time tha t visual stimulation

during an eye movement would reach the colliculus , and (3) the cells which dif-

fere ntiate also show a decreased responsiveness to visua l stimuli during the

time of background suppression .

Rela tionship of stimulus differentiation to response enhancement. Goldberg

and Wu rtz 3° found that cells in the superficial layers of the superior colliculus

have an enhanced response to a visual stimulus when tha t stimulu s is to be the

ta rget for a saccadic eye movement . We have tested for this enhancement effect

on six cells tha t differentiated between the two type s of stimulus movement and

on which we have other data confirming the existence of an extraretina l signa l

(suppression of rate of discharge with eye movements in total darkness or re-

duced responsiveness to stimulus movement after an eye movement) . All six

showed the enhancement effect. For example , the cell in Figure 13 shows both

a diffe rentiation between rapid stimulus movement in front of the stationary eye

and rapid eye movement across the stationary stimulus (Figure 13A) and an en-

hanced response when the monkey uses the receptive field stimulus as the tar-

get for an eye movement (Figure 13B).

Cells which do not differentiate between the two stimulus conditions or

those which do but have no othe r evidence of an extraretinal signa l generally do

not show the enhancement effect (16 of 17 cells). Thus , it appears that cells

which differentiate between the two stimulus movement conditions frequently

show the enhancement effect; whether these two effect s are always present in

the same cells cannot be determined from our small sample of neurons.
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Fi gure 13. Response of a cell which differentiates between the two types of
sti mulus movement and shows response enhancement . Al illus-
t rates the response of the cell to rapid leftward movement of a
stimulus (4. 0 x 0. 50) and A2 shows the lack of response when stim-
ulus movement is caused by a rightward eye movement . Thi s cell
also had a reduced responsiveness to stimulus movement after eye
movements and a suppression of discharge rate after spontaneous
eye movement s in total darkness. B shows the enhanced response
of the cell when the monkey used the visual receptive field stimu-
lus as the target for a saccadic eye movement. Bi shows the re-
sponse of the cell to a stationary stimulus (0. 5 x 0. 5°) in the visual
receptive field (40 left , 3° up) while the animal fixates. Top two
traces to the left of the raster show schematic horizontal and ver-
tical elect rooculograms prior to and after stimulus onset which is
indicated by the step in the third trace. B2 shows the enhanced re-
sponse to the same stimulus when It is to be the targe t for a sac-
cadic eye movement. Step in the bottom trace of B2 indicates the
onset of the stimulus in the visual receptive field to which the ani-
mal made an eye movement (40 left , 30 up) as indicated by t he de-
flections on the electrooculogram traces.

Wurtz and Mohler 61 found tha t for some cells a response enhancement

can be demonstrated following as well as prior to an eye movement toward the

receptive field. Thus , for cells which differentiate and have the enhancement
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effect , we would expect that these suppressive and facili to rv effects would he

pitted aga inst each other for eye movements directed into and around the recep-

tive field. Such postsaccadic enhancement effects might account for the slight

response to a stimulus with certain directions of eye movements , but at present

we have no othe r data on the interaction of the two effects.

DISCUSSIO N

Our experiments have demonstrated for the first t ime that neurons in a

prim ate sensory system can differentiate between real and self-induced stimu-

lation. Furthermore , we think that this discrimination is caused by a modifica-

tion of activity by a signal generated outside the receptor orga n itself. In brief ,

we have found ( 1) that many cells in the superficial layers of the superior collie-

ulus which respond to rapid stimulus movement in front of a stationary eye do

not respond when a rapid eye movement sweeps the receptive field across a

stationary stimulus; (2) that a suppression of background activity which accom-

panies these eye movements results from an extraretina l signal; and (3) that the

lack of response of these cells to stimuli during an eye movement results from

this extraretina l input . We will  discuss these findings in relation to the nature

of the extraretinal  input , the origin of the input , a comparison with striate cor-

tex , and the functional implications of the effect.

Differentiation as a result of an extraret inal signal. Most of the cells that

respond to externally generated s t imulus  movement do not respond when the im-

age movement across the retina is generated by an eye movement . It is pos-

sible tha t this  lack of response with eye movement s is caused by visual factors ,

e. g. , movement of the visual hackgi ound during an eye movement as has

been demonstrated in psychophysical35’38 and electr ophysiological experi-
ments. 2’24 ’25’39’57 Several experiments suggest that  th i s  is not the case for

these superior colliculus neurons. When cells are studied with the monkey in
a darkened environment , thereby reducing the influence of visual factors , the dif -

ferenUation persists (Figure 7). In addition , many neurons which diffe rentiate
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have enough spontaneous firing to test for change s in activity in association wi th

eye movements in total darkness , thereby el iminat ing visual factors entirel y.

These cells show a suppression of fir ing after eye movements in the dark (Fig-
ures 6, ~~ , 9 and 12). Since this suppression occurs in total darkness ii must
result from an extraretinal signal.

We believe that the extraretinal signal responsible for this  suppression is

likel y also to be responsible for the lack of visual response during an eve move-

ment. First , the cells that show the suppression tend to he those that do not

respond to the stimulus during saccades; those that show no suppression do re-

spond to the stimulus during saccades. Second , the time course of the suppres-

sion is such that it is consistently present when the visual responses resultin g

from retinal stimulation during an eye movement would reach the colliculus

(Figure 10) . Third , the visual excitability of these cells which differentiate (as

determined by the response of the cell to a moving stimulus) was decreased dur-
ing the time after the saccade when the suppression was clearest (Figure I I M .
Again , the cells we tested which did not show the differentiation between the two

stimulus conditions did not show this decreased visual responsiveness after the

eye movement (Figure 11B). Thus while each experiment by itself is prohabi y

not conclusive , we think that the set of observations described provides strong
support for an extraretina l signa l as the source of this differentiation between
stimulus movement and eye movcment conditions as well as the suppression of
background activity . We conclude that these cells in the monkey superior col-
liculus receive both visual and eye movement related inputs; the eye movement

related input can suppress the visua l input when they occur simultaneously .

Sources of the extraretinal signa l. There are a number of potential

sources of this extraretina l signal. The first  one to consider is the mechanical

stimulation of the retina due to the lag of the vitreous fluid as the eye turns  rap-
idly. 44 This stimulation , which is ext raretina l only in the ext ravisual sense in

which we ha ve used the te rm , seems unlikely to produce the suppression in the
collicul us. First , the suppression effect occurs with a short latency in many
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cells while the conduction t ime througn the retina to the colliculus takes at least

35 rnsec. Any effect from a mechanical shearing of the  retina would have to act

on the ganglion cells to produce the short latency suppression . Second , we Sec

a clear suppression in the colliculus but nothing so dramatic in striate cortex; 57

if the effect were due to a mechanical stimulation of the retina , fibers to both

structures should he affected , particularly since retinal ganglion cell axons

l)raneh to both structures. 13

Since we have never seen a compelling example of suppression which pre-

cedes the deflection of the electrooculogram , there is also the possibility that

activity from proprioceptive end organs of the extraocular muscles could cause

this  suppression. Several electrophysiological experiments have demonstrated

the existence of connections from muscle stretch receptors to the co ll icu—

lus. 1, 14 , 15, 23 ‘I he response to muscle stretch in the colliculus , however ,

tends to be in the deeper layers , brief , and excitatory ’ rather tha n in the super-

ficial  layers , prolonged , and inhibitory as is the suppression response in our

experiments .  In additio n , the sunpression frequentl y starts close to the time

of onset of the eye movement , and although the latency of the response to mus-

cle stretch can be sho rt , onl y the shortest latency proprioceptive effects could

account for the suppression . l-’inal lv , since the suppression we observed was

associated with eye movements in many directions , and was only sl ight ly modi-

fied by a threefold change in eye movement amplit ude (Figure 9), it seems un-

likel y to result from stretch receptors which are sensitive to direction of move-

ment , i .e . , which muscle Is act ivated , and size of movement , how much

stretch. These character is t ics  of the suppression in the colliculus would seem

to make proprioception an unlikely source for the effect.  Additiona l experi-

ments are required to determine defini t ively the roles of proprioception and

mechanical shearing in the suppression in the collicutus.

We th ink  the most likely source of the extraretina l Input to the superior

coiliculus is a corollary discharge f rom some part of the oculomotor system.

Cells discharging In relation to eye movement in othe r parts of the nervou s
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sy s tem are possible candidates for this corollary discha r ge . Cells in the in-

ter rn ed iate layers of the superior coll iculus lie adjacent to the visual  neurons

we have studied , and these cells discharge with eye movements in ligh t and

darkness but precede the eye movement , ~~ 50 , 51 , 59 , ;0 and therefore , the

t i m i n g  of the i r  burst seems inappropri at e to generate the extraretinal  signal

(I- ’igure 14 1.

An area that has an established projection to the superior colliculus as

determined by N auta degeneration methods l is the frontal e e  fields . This

area of cortex has been shown by B izz i 9 ’ 10 to conta in  cells which discharge

after eve movements . Experiments by ~doh 1er et al.41 confirmed these obser-

vations , and an analysis  of their data shows that the t i m i n g  ol the discharge of

these cells largely overlaps the suppression in the superficial layers (Figure 14’t .

These neuron s discharge after eye movements to large parts of the ipsi lateral

and contralateral visual field so that they could easily generate the poor direc-

t iona li tv  of the suppression in collicular cells. In addition , Guitton and Mand l 31

have found that stimulation of the frontal eye fields of the cat can reduce visual

responses of collicular cells . Thus , in terms of t iming,  directionality , anatom-

ical connections , and physiological effects following st imulat ion , the frontal  c c

fields appear to be an ideal candidate for the source of a corollary discharge ,

as was originally suggested by Bizzi .9 However , since our knowledge of the

activity of cells in many areas of the brain in relation to eye movements is

l imited , and since the colliculus receives affercnts  from a wide variety of

areas ,~~ it would be premature to identify one area as anything more than a

potential source for the input.

Compa rison of superior colliculus and striate cortex. Cells in the supe-

rior colliculus show a clear different iation between external s t imu lus  movement

and image movement which results from an eve movement. Furthermore,  the

mechanism of th i s  d ifferentiation appears to he a threshold ele~’at ion ti med to

occur after the eye movement at j ust the t ime that the effects of the visual stim-

ulus ar rive in the collicu lus. These findings on the colliculus are in striking
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Figure 11. Relation of t iming  of ext rar et inal signal to the t iming  of several
possible sources of the signal .  Ends of thin bars indicate ranges;
ends of th ick bars show averages. Top bar shows duration of sup-
pression seen in superficial lay er  cells following spontaneous eve
movement s made in total  darkness (data from 19 neurons der ived
from Figure 10). Second bar shows t iming  of discharge of the  most
dorsal intermediate layer cells recorded in a penet ra t ion  which  was
at least 0.5 mm long and on which at least two i n t e r m e d i a t e  l ay er
cel ls  were recorded. Third bar shows the  t iming  of the  d ischarge
of the most ventral  intermediate l ay e r  cells  f rom same penet r : i t i on s .
Data for second and th i rd  bars ar e taken from l~ pe n e t r a t i o n s  n i :tde
in the experiments of ~lohIer  and Wur t z . 42 Bottom bar gives t i m i n g
of discharge of frontal  eve fiel d neu ’ ons in association with eye
movements made spontaneously in total  darkness . [)ata a re  derived
from experiments on nine cells by Mohier et al. 41

contrast to the previous observations made on striate cortex us ing the same

techniques to study the same part of the visual  f ie ld , and in the  same labora —

torv .~~ in contrast to the co l l icu lus , striate cortex cel ls  did not d i s cr I m i n a t e

betw een the s t imulus  movement and eve movement condit ions.  ‘l’he ~~sual back-

ground was a powerful influence in cortex compared to the apparen t l y  s l ight  ef-

feet of background in col i l cular  cells.  Cortical cells also did not show the
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s t r i k i n g  suppre ssion of the background discharge rate w i t h  eye m ov em e n t s  in

the  da rk tha t  we ha \c s~ en in the  coil iculii s

l)otv and colleagues ~~‘1 , 1 7 , 55 have shown that  s t i m u l a t i o n  of the  m es en—

cepha i i ~. ret icu la r for mat ion wi l l  modulate I ransm iss ion th rough  the T a t e  ra T

gen i cu l a t e  n u c l eu s  and s t r i a t e  cortex of the monkey and have suggested that  the

brain stem s t i m u l a t i o n  mimics  eye movements.  Other reports 19 ’ 34 have de-

scribed a reduction of f i r ing  of s t r i a t e  cortical cells a f t e r  eve movements  in the

dark , but averaging was required to demonstrate the effect .  In spite of these

exa m ples of eve movement  influences in the geniculostr iate sy stem , their  func-

t ional  iml) I icat ion s ar e very unclear since Wurtz 5S demonst rated that s tr iate

cort ical cells respond to s t imulus  movement gener’~~ed by eve movements.  In

any case , cort ical  effects are slight compared to those in col l iculus.  Thus ,

superior col l icular  cells show clear differentiation between s t imulus  movement

and mo~’ement produced by a saccadic eye movement while str iate cor t ica l  cells

(10 not .

such a dichotomy is not surprising since there are several other  differ-

ences between these major  branches of the visual system. Whereas most cort i-

cal cells are  fastidious in t he i r  feature detection properties ,’~’ l”~ ~~~~. ~~~ ~ol I i c a —

lar cells arc nonspecific ’ in the i r  s t i m u l u s  requirements .  ~~~‘ Furt hermore ,

many ce l l s  in the superior co l l iculus  show an enhanced response to a s t i m u l u s

presented in the v i c in i t y  of its receptive field when it is to be the target  for a

saceadic eye movement.  30 , 61 Striate cortical cells show this  enhanced re-

sponge in associat ion with any eve movement . 62 In sum , cells in the s t r i a t e

cortex are f ine ly  tuned for de ta i l s  of visual s t imul i  and are nonspe cifically in-

fluenced by eye movements .  Collicula r cells arc ver poorly tun ed for s t imulus

features but the i r  visual responses are s ignif icant l y modified by eye movements.

Functional significance. In terpre t at ions  of the functions of the  coll lcular

c e l l s  which dist inguish between the two s t imulus  movement conditions wil l  be

strongl y inf luenced by where the axons of these neurons project . Efferent s of

the co l l i cu lu s  can he broadly divided into two groups , those ascending to t halan l ic
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nuclei such as the pulvinar  and those descending to brain stem nuclei , such as

the mcsencephalic and pontine ret icula r format ions , and inters t i t ial nucleus

of Cajal .  ~‘ 43

If the in format ion  encoded in these cells  ascends to the t h a l a mu s  and then

to the c o r t e x , we a N inclined to th ink  of a PC rce 1) 1 ua 1 funct ion for the effect .

h umans sec review by Mat in 36 ) and monkeys 40 have an elevation of threshold

for the detection of stat ionary flashes of light beginning just before and extending

unti l  af ter  a saccadic eve movement , termed a saccadic suppression .

While part of t h i s  elevation probably results from a background masking

effect produced by the sweep of the visual field across th e retina during an eve

movement , a fraction of the effect is due to central processes. ~~~ Although the

t ime courses of the behavioral and electrophysiological suppressions are simi-

lar , if allowance is made for conduction time of the visual stimulation effects ,

the amount of threshold elevation demonstrated for saccadic suppression is

slight , usually 0.5 log units;45 in our experiments we studied onl y effects of at

least 1. 0 log units and frequently the effect was even more striking. There is

some Indication that detection of moving st imuli  may be suppressed more com-

Pletel y during a saccade , 12 and the possibility of decreased sensit ivi ty part icu-

lar l y for movement by collicular cells parallels this psychophysical observat ion.

Thus , it is possible that activity in the superior colliculus contr ibutes  to sac—

ca(iic suppression , although the magnitude of the effect in the coll iculus seems

greater than necessary to produce the usually slight psychophysical effect on

stationary s t imul i .

Another perceptual function for an extraretinal signal is the recalibrat ion
of visual space . ~~~ Wheneve r the eyes change position , objects in the  visual

world excite a different set of retinal receptors; in spite of this , we perceive

no change in the position of such objects in visual space. Thus , there might

logically be some correction of the visual information to take into account the

di rection and extent of each eye movement. Colhicular cells , by themselves ,

seem inappropriate for this function . The cells that differentiate between the
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two types of sti mulus movement are very poorl y directional and would seem to

pr ovide inadequate information for any such spatial recalibration.

If the effect of this differentiation between real and self—induced movement

is directed toward the brain stem , we would expect the effect to he p r imar i l y

useful to the oculomotor system. For the oculomotor system these cells would
provide an uncontaminated signal ; the stimulus movement detected would result

fro m movement in the environment and not simply reaffere nce due to the last
saccadic eye movement . For cells sensitive to rapid stimulus movement , by

far the most frequent source of potential stimulation must be the sweep of the

visual world during the ever-occurring saccadi c eye movements. By essentiall y
filtering out thi s stimulation , the system can be made more sensitive to move-

ment in the environment and more useful for initiating saccades to objects that

are moving and would possibly he threatening to the survival of the animal.

It has been suggested that the colliculus is involved in the selection of

salient features in the visual environment and the facilitation of eye movement s
toward them. 2s , 30 , 42 , 61 Two of the mechanisms which would he involved in

these processes are the enhanced response to a visual st imulus when it is to he

the target for a saccadic eye movement and the elimination of the effects of stim-

ulus movement caused by eye movements. We have found that some collicula r

cells have both processes. Thus , the superior colliculus is especially well—

organized to identify saliency since it has processes for facil i tating the effects

of significant s t imuli  and suppressing the effects of erroneous ones.
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